A thermodynamic method capable of determining the B/A value of 4-ml sample volumes is described. The method involves a procedure in which the static pressure of the sample is altered in a short period of time, to approximate an adiabatic process, during which the ultrasonic velocity is measured. The velocity change so determined is used to calculate the B/A value. The B/A measurement error is less than 0.7%.
INTRODUCTION
The acoustic nonlinearity parameter B/A, as a parameter for characterizing tissue and as a parameter for providing for more accurate modeling of the nonlinear acoustic propagation in biological media, has been studied by several investigators (Everbach, 1989; Law etal., 1981 Law etal., , 1985 Apfel, 1986; $ehgal et al., 1984 Gong et al., 1984; Cobb, 1983) . Two methods are largely employed in the determination of the B/A parameter, viz., the finite amplitude method and the thermodynamic method. Besides the advantages and disadvantages discussed by Law et al. (1983) , a common shortcoming of both methods is the large sample volume required. This problem becomes especially critical when the samples are the products of biochemical preparations having small yields or are pathological tissues which of necessity are small in volume in early stages of development. This paper comprises a description of a thermodynamic system capable of determining the B/A value from 4-ml sample volumes and includes a discussion of the potential problems associated with measurement of small volumes.
I. MEASUREMENT SYSTEM
The thermodynamic method of measurement of the nonlinear parameter B/A is based on the expression (Beyer, 1974) •-= 2poC o
where Po is the ambient density of the medium, Co is the infinitesimal speed of sound, and (Oc/Sp), is the derivative of speed of sound with respect to the pressure for an isentropic process, and measurements of these three quantities are required. Pressure-jump methods (Sehgal et 
(t) = a(t) + q(t), y(t) = b(t) + r(t), (2) where b(t) :--Aa(t-to) is a delayed version of the transmitted signall a(t), A is a constant that accounts for signal attenuation, and to is the time delay between a(t) and b(t).
Further, assuming both x(t) and y(t) are two stationary random processes, their cross-correlation function is then defined as
R•y (v) := E [x(t)y(t + r)],
where E den•otes expectation.
R•y(r) = E{[a(t) + q(t) ][b(t + r) + r(t + r) ]} =E [a(t)b(t + r) + q(t)b(t + r) + a(t)r(t + r) -F. q(t)r(t + r) ]. (4)
Generally, Ehe noise q(t) and r(t) have zero means, i.e., E [q(t)] = E [r(t)] = 0, and are statistically independent of the signals a(t) and b(t). Then,
Rxy(r)=E[a(t)b(t+r)]+E[a(t)]E[r(t+r)] + E[b(t + r)]E [q(t)] + E[q(t)]E [r(t + r)] := E [a(t)b(t + r)]. (5)
That is, the (:ross correlation of two noisy pulses is equal to the cross correlation of two true signals, as if there was no noise present. This desirable feature comes about because random noise is not correlated, and thus is eliminated during the cross-correlation operation. The cross-correlation function calculated directly from a pair of transmitted-received pulses suffers two major errors. One is uncertainty in determining the peak of the crosscorrelation function, which is q-one sample interval, or __+ 20 ns for the sampling frequency of 50 mega samples per second. The corresponding uncertainty in the velocity calculation is q-450 cm/s, which is unacceptable for the current purpose orb/A measurement. The second source of error is due to the transient edges of the rectangularly gated pulses. The ringing at the end of the received pulse introduces ambiguity in the correlation calculation. In order to reduce the uncertainty in determining the peak of the cross-correlation function, two time domain interpolation procedures were performed, viz., frequency domain zero packing (Ludeman, 1986 ) and time domain parabolic curve fitting (Zhang, 1990) feets. The time delay between the transmitted and received pulses are the sum of the time delay between two seventh zero crossings in the two pulses and the time delay between two gated 256-sample waveforms. The time delay so determined can be used to calculate the velocity.
Since b(t) is a delayed version of the transmitted signal, Rx• (r):= AE [a(t)a(t + r-to)]

III. NEAR-FIELD EFFECTS ON THE VELOCITY MEASUREMENT
The basic principle of velocity measurement using the velocimeter is based on the assumption of plane-wave propagation, which is only an approximation to the acoustic field generated by the disk transducer within the velocimeter. The error introduced by such an assumption is usually negligible for the far-field region. However, when the receiver is placed in the near field, as is the case in the small volume velocimeter, the assumption can introduce significant error. There is concern for phase error in the velocity measurement procedure. The significance of this error, and its correction, are dealt with herein. The acoustic field of the two transducer arrangement, as shown in Fig. 6(a) , is calculated using linear diffraction theory, which is generally considered to be a more accurate description of the near field than is planewave theory (Williams, 1951) between the phases calculated from two theories in order to assess the possible error in the velocity measurement procedure.
The acoustic transducer is modeled as a rigid circular piston mounted flush with the surface of an infinite rigid baffle and vibrating uniformly, in simple harmonic motion, with velocity u o. With the plane of the piston source located at z ----0, the acoustic field can be described by the Rayleigh integral as (Pierce, 1981 ) p(r,z) ----jtop Uo(X,ys) -•-dxs dys, (7) 2•r where R 2 =z2+ (x--x,)2+ (y-y•)2, ?=x•+y•,p is the acoustic pressure, p is the density, k is the wave number, and the integration is over the surface of the piston source denoted by subscipt s. This integral can be evaluated numerically in a straightforward manner to obtain the pressure field at an arbitrary point in space. However, because of the rapid change in the phase term exp(jkR), the summation increment needs to be very small to sustain the desired accuracy, and computation time increases accordingly. To achieve results in a reasonable computation time, the method of equidistant areas described by Swindell rings and the disk, and then over all the annular strips so formed. The first integration is basically the multiplication of the integrand by the length of the are strip, since every point in the strip is the same distance to P. Thus the double integral in the Rayleigh integral is reduced to a single integral. There are two cases to be considered for the integration boundary; the projected point P' is inside the disk (r<a) and the P' is outside the disk (r> a). The former is slightly more complicated and requires that the disk area be divided into two regions (viz., a<a --r and a>a --r) as shown in Fig.   6 (b) . After some mathematical manipulation, the following expressions can be obtained. 
Equations ( B/.4 values determined for three preparations with reports in the literature, and as shown in Table I where c' is the true velocity and c is the velocity predicted by plane-wave theory. The first term, z/c', is the true time delay due to the propagation of an acoustic wave through the velocimeter. The second term, z/c, is the predicted time delay by the plane-wave assumption, and the third term, 0.7345/co, is the error in time delay prediction. Note that, given transducer separation z, the third term is not the function of the speed of sound in the media, and thus can be experimentally determined with a medium of known speed of sound, such as degassed water. Practically, this time delay error, due to near-field effects, is grouped together with that due to the electronics and the total error is determined by calibration using degassed distilled water as the reference.
IV. PROCEDURES AND RESULTS
At the beginning of the measurement procedure, the pressure vessel was first pressurized to about 1500 psi, and maintained at that pressure until the heat, developed within the vessel during the pressurization, dissipated. The velocity measuring program was then triggered manually and the pressure vessel allowed to alepressurize. Depressurization required about I s, short enough to be considered isentropic (see Appendix). The program acquired 45 pairs of transmitting-receiving pulses at the rate of 17 pairs per second, during the depressurization period and then waited about 15 rain for the temperature to equilibrate before acquiring another eight pairs of pulses. The 45 pairs of waveforms were processed for the time delay information during the 15-min waiting period, and a velocity profile was generated from which the (Ac/Ap) term was calculated (Zhang et aL, 1988) . The waveform pairs acquired at temperature equilibrium were processed for the velocity at temperature equilibrium, co. The density of the liquid medium was measured by picnometry. The B/`4 parameter was calculated from the above data.
The measurement system was tested by comparing the I AQ/Q I is determined to be 0.02, or about 2% of the heat is exchanged between the sample and the environment during the depressurization process; a reasonably good approximation to an isentropic process.
